Background The morbidity rate after pancreaticoduodenectomy remains high. The objectives of this retrospective cohort study were to clarify the risk factors associated with serious morbidity (Clavien-Dindo classification grades IV-V), and create complication risk calculators using the Japanese National Clinical Database. Methods Between 2011 and 2012, data from 17,564 patients who underwent pancreaticoduodenectomy at 1,311 institutions in Japan were recorded in this database. The morbidity rate and associated risk factors were analyzed. Results The overall and serious morbidity rates were 41.6% and 4.5%, respectively. A pancreatic fistula (PF) with an International Study Group of Pancreatic Fistula (ISGPF) grade C was significantly associated with serious morbidity (P < 0.001). Twenty-one variables were considered statistically significant predictors of serious complications, and 15 of them overlapped with those of a PF with ISGPF grade C. The predictors included age, sex, obesity, functional status, smoking status, the presence of a comorbidity, non-pancreatic cancer, combined vascular resection, and several abnormal laboratory results. C-indices of the risk models for serious morbidity and grade C PF were 0.708 and 0.700, respectively. Conclusions Preventing a PF grade C is important for decreasing the serious morbidity rate and these risk calculations contribute to adequate patient selection.
Introduction
Pancreaticoduodenectomy (PD) remains the only curative option for patients with a malignant neoplasm arising from a periampullary lesion. Recent advances in surgical techniques, interventional radiology, and perioperative intensive care support has reduced the mortality rate associated with PD to less than 5% [1, 2] . However, the morbidity rate after PD remains high (38-44%) [2] [3] [4] ; it has not improved over recent decades, and it is much higher than morbidity rates following other surgical procedures for gastroenterological cancer [5] [6] [7] . Clinically, the most relevant postoperative complication of PD is a pancreatic fistula (PF), which is often associated with the development of life-threatening intra-abdominal complications such as abscesses, early or delayed hemorrhage, the need for a relaparotomy, and death. To reduce the potential for a PF to develop, many surgeons have proposed a variety of surgical techniques, including pancreaticogastrostomy as an alternative reconstructive method [8] , the placement of a pancreatic duct stent [9] , the early removal of a prophylactic drain [10] , or the use of a somatostatin analogue (e.g. octreotide) [11] . However, they cannot eliminate the possibility of a PF occurrence. Additionally, patients who experience one complication are at an increased risk for developing subsequent complications, which means a longer hospital stay and increased medical costs. These negative outcomes caused by postoperative complications demonstrate the importance of studying patients' risk factors in an effort to gain insight into preventative strategies and early intervention.
Although a surprising decrease in the mortality rate to 1-2% following PD has been identified, the majority of their reports were based on single institution studies from specialized high-volume centers [1, 2] . Therefore, it may be impossible to replicate these outcomes at other institutions, and various biases should be considered when these outcomes are referred to individual institutions or patients. Recently, population-based studies reported higher perioperative mortality rates of pancreatectomy ranging from 2.5% to 5.9% [12] [13] [14] , and they provided a more generalized and accurate estimate of overall perioperative mortality rates. In Japan, a web-based data system called the National Clinical Database (NCD) collected perioperative medical data and postoperative outcome data for approximately 1.2 million surgical cases annually from more than 3,500 Japanese hospitals [15, 16] ; we reported excellent 30-day postoperative and in-hospital mortality rates of PD in 1.2% and 2.8% of cases, respectively [17] . To provide individual feedback for patients' preoperative risk-adjusted outcome, we developed a risk calculation for predicting the possibility of a postoperative complication prior to undergoing PD. The possibility of a PD complication occurring can be easily estimated by entering available patient medical variables that can be easily utilized, for example, age, sex, disease status, preoperative laboratory data, etc.
In the current study, we clarified the occurrence rate of a serious complication after PD and the risk factors associated with serious morbidity using nationwide cohort data. Moreover, we validated the risk calculation model for predicting the development of serious complications after PD.
Methods
The NCD system in Japan
The NCD is a nationwide project that operates in cooperation with the certification board of the Japan Surgical Society. This prospective and multi-centre clinical registry was created to provide feedback on risk-adjusted outcomes to hospitals and surgeons for quality improvement purposes. From 2011, data from more than 1.2 million surgical cases were collected annually from more than 3,500 hospitals. As described extensively elsewhere [5] [6] [7] , the NCD collected reliable and validated data, including demographics, laboratory results, comorbidities, and postoperative outcomes, for patients undergoing a range of surgeries in Japan. Data definitions are standardized across all hospitals. Trained and audited data managers or surgeons at each individual hospital collected data using a web-based data management system [16] . From 1 January 2011 to 31 December 2012, the NCD reported on 17,564 patients who underwent a PD procedure at 1,311 institutions.
Pre-and intra-operative variables
In this study, a set of potentially predictive variables associated with complications after PD, most of which were also defined in the American College of SurgeonsNational Surgical Quality Improvement Program (ACS-NSQIP) analysis [13] , was constructed from the NCD. Patients' demographic variables, including sex, age (<60, 60-64, 65-69, 70-74, 75-79, and >79 years old), body mass index (BMI), weight loss, smoking status (Brinkman index), alcohol status, and the administration of preoperative chemo-or radiotherapy, were considered. Patients' preoperative physical status was evaluated by using the American Society of Anesthesiologists (ASA) classification (I, normal healthy; II, mild systemic disease; III, severe systemic disease; IV or V, severe systemic disease that is a constant threat to life or moribund) and activities of daily life (ADL; independent vs. partially or totally dependent). Pre-existing comorbidities included the following: (1) heart disease, including angina, a myocardial infarction, a percutaneous cardiac intervention, congestive heart failure within 30 days preoperatively, or previous cardiac surgery; (2) respiratory disease, including the presence of respiratory distress symptom, chronic obstructive pulmonary disease, current pneumonia, or preoperative ventilator dependence; (3) cerebrovascular disease history within 30 days preoperatively, including stroke with or without residual deficit, transient ischemic attack, hemiplegia, paraplegia, quadriplegia, or impaired sensation; (4) peripheral vascular disease, including revascularization for peripheral vascular disease, claudication, rest pain, amputation, or gangrene; (5) dialysis or acute renal failure; (6) hypertension; (7) diabetes that requires oral medication or is insulin dependent; (8) ascites; (9) blood clotting disorders without medical treatment; (10) sepsis; (11) a red blood cell transfusion preoperatively; (12) esophageal varices; and (13) chronic steroid use.
Indications for benign and malignant tumors were identified using the Union for International Cancer Control classification system. Concerning the PD procedure, emergency or planned surgery, lymph node dissection, combined vascular reconstruction, and other organ excisions were included as variables. However, the types of operative PD (e.g. subtotal stomach-preserving PD, pylorus-preserving PD, etc), texture of the remnant pancreas, and diameter of the pancreatic duct were excluded because those data were not collected in the system. Several laboratory values, including the hemoglobin level, white blood cell count, hematocrit level, platelet count, albumin level, bilirubin level, liver enzyme levels, urea nitrogen level, and international normalized ratio of prothrombin time (PT-INR), were also included. Finally, about 60 pre-and intra-operative variables were assessed to predict patients' postoperative outcome or specific morbidity.
Postoperative outcome
The outcome measure of the present study was the occurrence rate of a serious complication or a PF after PD. Complications included surgical site infection (SSI), a PF, bile leakage, wound dehiscence, unplanned intubation, progressive renal insufficiency, urinary tract infection, deep venous thrombosis, a cerebrovascular accident or stroke, myocardial infarction, cardiac arrest requiring cardiopulmonary resuscitation, a pulmonary embolism, pneumonia, ventilator dependence longer than 48 h, acute renal failure, bleeding complications defined by transfusions in excess of four units of blood, systematic sepsis, or systemic inflammatory response syndrome (SIRS). A Clavien-Dindo surgical complication classification (C-D) grade IV or V was considered a serious complication [18] . The International Study Group of Pancreatic Fistula (ISGPF) scheme was used to classify a PF [19] .
Risk calculator development
Data were randomly assigned into two subsets that were split 80/20: one for model development and the other for validation testing. There were no significant differences in the profiles of the variables between the model development and validation sets, according to univariate analysis using the Fisher's exact test and two-tailed t-test. In the development of the dataset, we built multivariable logistic regression models using a step-wise selection of predictors with a P-value for entry of 0.05 and for exit of 0.10. We assessed the models' performance by applying them to the validation dataset and evaluating its ability to discriminate between the presence and absence of complications using the C-index, which reflect the area under the receiver operating characteristic (ROC) curve for serious complications with C-D grades IV-V and a PF grade C. A ROC curve is a plot of a test's true positive rate (sensitivity) versus its false-positive rate (1 -specificity). Each point on the ROC curve indicates a pair of false-and true-positive rates that is achieved using a particular threshold to dichotomize the predicted probabilities. All statistical analyses were performed using SPSS (version 21; IBM Corp., Armonk, NY, USA). This study was approved by the institutional review board of each institution.
Results

Patients' characteristics
Between 2011 and 2012, data from 17,564 PD procedures conducted at 1,311 hospitals in Japan were collected and entered into the NCD (Table 1 ). This cohort included men (61.98%) and women (38.02%) with an average age of 68.46 years (Table S1 ). Concerning a pre-existing comorbidity, hypertension (34.68%) and diabetes mellitus (28.06%) were the most frequently observed. Overall, 49.23% of patients were pathologically diagnosed with pancreatic cancer. Among patients with non-pancreatic cancer, the most common diseases were distal bile duct cancer (20.13%) and ampulla of Vater carcinoma (12.64%). The major laboratory data abnormalities were serum C-reactive protein (CRP) level >1.0 mg/dl (18.07%), and total bilirubin level >2.0 mg/dl (22.27%). During the surgical procedure, combined vascular resection with PD was performed in 11.32% of the cohort.
Postoperative complication profile
The postoperative 30-day and in-hospital mortality rates were 1.31% and 2.88%, respectively ( Table 1) . The overall morbidity rate was 41.56%, and reoperation was performed in 3.73% of the cohort. The major complication after PD was PF and organ SSI in 22.22% and 13.55% of the cohort, respectively. This high occurrence of organ SSI was likely due to the development of a PF. Bile leakage, which is also a PD-specific morbidity, occurred less frequently in 3.11% of the cohort.
Serious complications with C-D grades IV-V and a PF grade C occurred in 4.45% and 4.83% of the cohort, respectively. The total of 70.5% in PF grade C was classified as C-D grades IV-V, whereas the remaining 29.5% were classified as C-D grades I-III. The development of a PF grade C was significantly associated with a serious complication (P < 0.001). A PF grade C was most commonly identified in 76.47% of cases with serious complications (Fig. 1 ).
Although pneumonia, acute renal failure, central nervous system complications, cardiac occurrences, which were generally considered a systematic complication following gastroenterological surgery, occurred very rarely in the total cohort (2.67%, 1.02%, 0.91%, and 0.85%, respectively; Table 1 ), these conditions were associated with life-threatening complications because of the high percentage of grades IV-V complications (26.47%, 18.16%, 11.25%, and 18.03%, respectively; Fig. 1 ).
Risk profile associated with postoperative complications
We developed two different risk models for predicting postoperative complication of C-D grades IV-V and PF with an ISGPF grade C. All risk model data were derived from multivariable analysis (Tables 2, 3 , S2 and S3). The following 15 variables were included in both models predicting C-D grades IV-V and PF with grade C as significant risk factors: male sex, high age, decreased daily activities, a BMI >25 kg/m 2 , an ASA class greater than III, a Brinkman index, a pre-existing comorbidity of respiratory distress, a disease other than pancreatic cancer (e.g. distal bile duct carcinoma, gallbladder carcinoma, and duodenal carcinoma), combined vascular resection, a platelet count <80,000/lL, serum albumin level <2.5 g/dL, serum creatinine level >2.0 mg/dL, and CRP level >1.0 mg/dL. In contrast, a >10% weight loss, comorbidity of cerebrovascular disease and abnormal laboratory results (i.e. a white blood cell count >11,000 lL, PT-INR >1.25, and serum sodium level >146 mEq/L) were identified as unique significant risk factors for the model predicting postoperative complications with C-D grades IV-V. Comorbidities of myocardial infarction, uncontrollable ascites, peripheral vascular disease and abnormal laboratory results (i.e. hemoglobin level <7 g/dL and hematocrit level >48% in men and hematocrit level >42% in women) were identified as unique significant risk factors for the model predicting PF with an ISGPF grade C.
Model results and performance
Two different risk models were developed. The estimated coefficients, odds ratios and 95% confidence intervals Fig. 1 Overall postoperative complications of Clavien-Dindo grades IV-V. Among cases with a complication of grades IV-V after pancreaticoduodenectomy, a pancreatic fistula grade C and organ surgical site infection (SSI) were identified in 76.47% and 40.03% of patients, respectively. Pneumonia, central nervous system (CNS) complications, renal failure and cardiac occurrences, which were generally considered a systematic complication of gastroenterological surgery, were commonly observed in about 10-20% of patients. SIRS systemic inflammatory response syndrome, SSI surgical site infection (CIs) for the variables included in the final logistic models are shown in Table 2 for serious postoperative complications with Clavien-Dindo grade IV or V and in Table 3 for pancreatic fistula with ISGPF grade C. We predicted the risk of each of the two outcomes for the patients in the testing cohort using the formula: Predicted mortality = e(b0 + ∑biXi)/1 + e(b0 + ∑biXi), where bi is the coefficient of the variable Xi in the logistic regression equation provided in the Tables. Xi = 1 if categorical risk factor is present and 0 if it is absent. We categorized age into six levels and included it as continuous variable. Therefore, Xi = 0 if the patient age is less than 60, Xi = 1 if 60-64, Xi = 2 if 65-69, Xi = 3 if 70-74, Xi = 4 if 75-79 and Xi = 5 for those above 79. To evaluate model performance, the C-index (a measure of model discrimination), which was the area under the ROC curve, was calculated for the validation sets (Fig. 2) . The C-indices of the model for complications with C-D grades IV-V and for PF with an ISGPF grade C were 0.708 (P < 0.006; CI: 0.687-0.728) and 0.700 (P < 0.001; CI: 0.680-0.720), respectively (ROC depicted in Fig. 2) , indicating good discriminatory performance of the model.
Discussion
For the 17,564 patients undergoing PD recorded in the NCD, the 30-day and in-hospital mortality rates after PD were extremely low at 1.31% and 2.88%, respectively, which were much better than those of other national cohort-based reports [12] [13] [14] . However, morbidity was still high at 41.56%, and it was not excellent compared with that reported in other institutional or national reports [2] [3] [4] 13] . A PF remained the leading cause of total complications; in particular, a PF with an ISGPF grade C was associated with 76.47% of all C-D grades IV-V complications and it significantly resulted in the occurrence of a serious morbidity. Therefore, preventing the occurrence of a PF with grade C is directly attributable to reducing serious complications and mortality after PD. In additional to a surgical technical modification for reducing PF [8] [9] [10] , proper patient selection and individualized strategies before surgery are necessary to minimize serious complications associated with PD. Using our risk model for PD complications, we can obtain an accurate and individualized assessment of patients' postoperative potential risk associated with the proposed procedures. This assessment is critical for judging whether surgical benefits sufficiently outweigh the risks for these potentially operable but highrisk patients.
Recently, predictive models that calculate the postoperative mortality risk after PD have been developed in the United States using the ACS-NSQIP database [13] or the Nationwide Inpatient Sample (NIS) [12] . The NIS is an all-payer database of hospital discharge data and it established a risk model for predicting perioperative mortality using nomogram analysis [20] . However, this analysis has limitations, as it lacks important mortality-relevant factors such as the ASA score, comorbidity information, and laboratory data. The ACS-NSQIP database collects prospective multi-centre clinical data for feedback of the outcomes to hospitals to improve surgical quality by establishing a risk calculator. Compared to the ACS-NSQIP Pancreatectomy Risk Calculator, our NCD risk calculator is more specialized for PD and is likely to provide more precise estimations because the NCD includes more patients (17,564 vs. 4,621) over a shorter period of ADL activities of daily living, ASA American Society of Anesthesiologists Physical Status Classification, BMI body mass index, CRP C-reactive protein a The variables of age were categorized into six groups, which is less than 60, 60 to 64, 65 to 69, 70 to 74, 75 to 79, and more than 80 years old. Therefore, this odds ratio indicated an alteration of relative risk in one unite increase in the age category time (2 years vs. 3 years), and it has more detailed patient information and laboratory data (about 60 pre-and intraoperative variables) for predicting the overall morbidity or a specialized complication. Although clinically relevant PF (an ISGPF grade B or C) commonly occurs in about 20% of patients undergoing PD, the occurrence of a PF grade C is very rare [1] [2] [3] [4] . The development of a PF grade C is often associated with intra-abdominal bleeding and can lead to mortality. Twenty-one variables were found to be independent risk factors for the development of a PF grade C after PD in our study (Table 3) . Male sex, age, an increased BMI, smoking status, a low ADL level, a high ASA score, and low albumin level have already been widely accepted as patient-related risk factors that predispose patients to a PF [21] [22] [23] [24] [25] . On the other hand, we could not assess the contribution of the pancreatic remnant texture, which directly influences the incidence and severity of PF formation, because the data were not collected in the web-based NCD system. Alternatively, the presence of non-pancreatic cancer diseases such as ampullary, biliary, or neuroendocrine tumors were indicated as a risk factor, because these diseases clearly reflect the remnant pancreatic characteristics of soft pancreatic texture, a thin pancreatic body, and a non-fibrotic pancreatic parenchyma, which greatly increases the risk of a PF. Moreover, the comorbidities of myocardial infarction and peripheral vascular disease were also demonstrated as significant factors of a PF grade C. In the previous report, coronary artery disease was identified as a risk of PF because arterial sclerosis decreased visceral perfusion, which leads to anastomotic ischemia [22, 26] . Arterial sclerosis implies vascular fragility and it also may lead to PF grade C, because slight surgical damage to the vascular wall may cause an aneurysm to develop during the postoperative course.
The high CRP values were identified as independent risk factors of serious morbidity. The preoperatively elevated CRP value has been considered to reflect the presence of systematic inflammatory response (SIR), which largely contributes to the wasting of muscle and adipose tissue, i.e. cachexia [27] . The presence of SIR has been shown to worsen anastomotic healing and infectious complications of patients with pancreatic cancer and other gastroenterological cancers [28] .
Combined vascular resection in pancreatic cancer surgery is one way to improve resectability by obtaining cancer-free surgical margins. At several high-volume centers in Japan, combined resection has been performed in more than 40% of resected cases [29, 30] , whereas the rate within this cohort was much lower at 11%. This may reflect the fact that the majority of locally advanced pancreatic cancer cases that were likely to require combined vascular resection were referred to high-volume centers. Combined vessel resection demands a more difficult technique, intra-operative blood loss and a long operation time [31, 32] and was considered a significant factor for lethal postoperative complications in this study. These potentially high-risk operations must be performed at highvolume centers.
We should also mention that approximately 20% of patients with grades IV-V complications were caused by non-pancreatectomy-specific complications such as pneumonia, central nervous system complications, cardiac occurrence, etc. Of course, every effort must be made to prevent a PF; however, other more general postoperative complications involving the cardiovascular and pulmonary systems are critically important and surgeons should target them for systematic quality improvement in the preoperative period. In the present cohort, 30.3% of patients were over 75 years (data not shown). A highly aggressive surgical procedure of PD predominantly afflicts the elderly, who are more likely to be infirm and suffer from multiple pre-existing comorbidities. As the number of elderly patients with potentially multiple comorbidities increases, proper patient selection and individualized preoperative preparation is needed using an accurate estimation of the complication risk, because postoperative outcomes differ depending on the original and co-existing disease status and systematic condition.
There were several limitations to this study. First, the hospital volume was not included as a variable. Although this cohort included many patients undergoing PDs in lowvolume centers, the mortality rate of the total cohort was excellent. If some PD were gathered in specific highvolume centres, we could achieve more excellent postoperative outcomes with much lower mortality, because many previous reports demonstrated the improvement in patient outcomes for high-volume centre [14] . Second, the postpancreatectomy hemorrhage is most critical secondary complication of PF associated with mortality; however, detailed information or classification according to the International Study Group of Pancreatic Surgery (ISGPS) definitions [33] was not collected on this system. Predicting the life-threatening hemorrhage derived from PF may be actually needed for pancreatic surgeons. Third, a calculation model for ISGPF grade B or C is also clinically demanded. However, a model for grade B or C did not indicate better discriminatory performance comparing that for grade C.
In conclusion, we clarified the independent risk factors associated with serious complications and a PF grade C using the NCD data that included 17,564 cases of PD. Preventing a PF grade C is likely to contribute to reducing serious morbidity after PD. Using these risk calculators for PD complications, a surgeon can obtain the individualized prediction on possible morbidity rate associated with the proposed procedures, and educate patients about appropriate expectations over their postoperative course.
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